The introduction of cisplatin to oncology, in the 1970s, marked the onset of the search for novel and improved metal-based anticancer drugs. Polynuclear Pt II and Pd II complexes with linear alkylamines as bridging ligands are a class of potential antineoplastic agents that have shown promising cytotoxicity against low-prognosis human cancers, such as metastatic breast adenocarcinoma and osteosarcoma. The present study reports an analysis of [-N,N 0 -bis(3-aminopropyl)butane-1,4-diamine-4 N,N 0 :N 00 ,N 000 ]bis[dichloridoplatinum(II)], [Pt 2 Cl 4 -(C 10 H 26 N 4 )], denoted Pt 2 Spm (Spm is spermine), by vibrational spectroscopy coupled to theoretical calculations. Within the latter, the Density Functional Theory (DFT -mPW1PW/6-31G*) and Effective Core Potential (ECP -LANL2DZ) approaches were used, in order to ensure the most accurate representation of the molecule and achieve a maximum agreement with the experimental data. The solid-state geometry of Pt 2 Spm corresponds to C i symmetry, displaying 132 vibrational modes. A complete assignment of the experimental vibrational profile of the system was attained through the combined application of complementary Raman, FT-IR and Inelastic Neutron Scattering (INS) techniques. INS allowed an unequivocal identification of the CH 2 and NH 2 rocking modes, not clearly detected by the optical techniques, while Raman measurements led to a clear discrimination of the Pt-N stretching frequencies from the two distinct Pt-N moieties within the chelate. The metalto-metal distances calculated for the molecule under study were found to allow the establishment of effective inter-and intrastrand crosslinks with DNA. These results will hopefully help to clarify the mode of action of the compound, at the molecular level, contributing to the development of improved cisplatin-like chemotherapeutic drugs having a higher efficacy and specificity coupled to lower acquired resistance and deleterious side effects.
Introduction
Anticancer platinum-based agents have been the object of intense research since the introduction of cisplatin to oncology in the 1970s (Rosenberg et al., 1965; Rosenberg et al., 1969; Wang & Lippard, 2005) . Actually, deleterious side effects of cisplatin (e.g. nephrotoxicity) and the occurrence of acquired resistance urge for the development of new and improved antineoplastic drugs, displaying a significant antitumour activity coupled to a high selectivity (low toxicity) and negligible resistance. Polynuclear Pt II and Pd II complexes with polyamines as bridging ligands are one such group of compounds, their cytotoxicity being mediated by covalent binding to DNA (their main pharmacological target), through a nonconventional mechanism responsible for an enhanced antitumour effect (Kelland & Farrell, 2000; Marques, Girã o et al., 2002; Teixeira et al., 2004; Chvalova et al., 2006; Fiuza et al., 2006; Soares et al., 2007; Mitchell et al., 2007; Hegmans et al., 2008; Tummala et al., 2010; Fiuza et al., 2011; Muchova et al., 2012; Komeda, 2011; Silva et al., 2013; Batista de Carvalho et al., 2016) . These types of compounds yield specific DNA adducts via long-distance intra-and interstrand crosslinks , triggering an increased DNA damage relative to conventional drugs (such as cisplatin or carboplatin). Upon cellular uptake of the Pt/Pd complexes, drug activation takes place via hydrolysis of the leaving ligands (e.g. chloride) and deleterious DNA conformational rearrangements are triggered by binding to the purine and pyrimidine bases. The detailed pharmacokinetic and pharmacodynamic profiles of these compounds, however, are still scarcely known, and are recognised to be strongly dependent on the structural preferences of the drug under physiological conditions. Accordingly, these preferences should be determined accurately in order to predict cytotoxicity, thus allowing for optimization of anticancer activity. In the last decade, the authors have studied these types of third-generation Pt II and Pd II complexes with alkyl polyamines, having achieved very promising results, particularly towards human metastatic breast cancer (Fiuza et al., 2011) .
Coordination with amine ligands other than the biogenic tetramine spermine [i.e. H 2 N(CH 2 ) 3 NH(CH 2 ) 4 NH(CH 2 ) 3 NH 2 , Spm] has been investigated previously by our group (Silva et al., 2012) . The aim of this research is to provide a more thorough understanding, at a molecular level, of the behaviour of these kinds of polynuclear chelates and therefore of their cytotoxicity profile via interaction with DNA. The use of vibrational spectroscopy is a reliable and appropriate approach for these types of studies, mainly through the combination of optical [Fourier transform IR (FT-IR) and Raman] and neutron-based (Inelastic Neutron Scattering, INS) techniques, as they allow an accurate assessment of the conformational preferences of metal-polyamine coordination compounds, under specific conditions (such as temperature and pH). Since these types of systems are highly hydrogenated, INS is particularly useful, yielding complementary information to that obtained from Raman and FT-IR, since it allows observation of some low-frequency modes unavailable to the optical techniques. The neutron scattering cross-section of an atom () is characteristic of that atom and independent of its chemical environment, the value for hydrogen (80 barns) far exceeding that of all other elements (ca 5 barns). Hence, the INS spectrum is dominated by the vibrational modes involving a significant hydrogen displacement (u i ), the intensity from a powdered sample at energy i being represented by
where Q (Å À1 ) is the momentum transferred from the neutron to the sample and i (Å ) is associated with a weighted sum of all the displacements of the atom. Therefore, experimental data provide the energies of the vibrational transitions (the eigenvalues, i ), as well as the atomic displacements (the eigenvectors, u i ). In addition, the spectral intensities can be quantitatively compared with those calculated theoretically, allowing us to relate molecular geometry (calculated results) with the experimental spectroscopic features, which provides a consistent conformational picture of the system under study. The present work focuses on a full vibrational spectroscopic analysis of the polynuclear Pt II chelate with spermine, namely [-N,N 0 -bis(3-aminopropyl)butane-1,4-diamine-4 N,N 0 :N 00 ,N 000 ]bis[dichloridoplatinum(II)], Pt 2 Spm (Fig. 1 ) -in the light of quantum mechanical calculations using the Density Functional Theory (DFT) approach and Effective Core Potentials (ECP) for representing the metal. A complete spectral assignment of the complex was achieved, since several vibrational spectroscopic techniques were available for this study. The Pt II complex with 1,3-diaminopropane [H 2 N(CH 2 ) 3 NH 2 , Dap; Batista de Carvalho et al., 2012] was taken as a suitable model of the larger Pt 2 Spm chelate (which contains identical moieties to PtDap).
Experimental

Synthesis
The synthesis of Pt 2 (Spm)Cl 4 was carried out based on a published procedure (Codina et al., 1999) , optimized by the authors for the homologous compound Pd 2 Spm (Teixeira et al., 2004; Fiuza et al., 2011 Fiuza et al., , 2015 . Briefly, K 2 PtCl 4 (2 mmol) was dissolved in a minimal amount of water and an aqueous solution containing spermine (1 mmol) was added dropwise under continuous stirring. The reaction was allowed to proceed for 24 h, after which time the resulting yellow powder was filtered off and washed with acetone. Recrystallization of this product from water afforded yellow-orange needleshaped crystals (yield 60%). Elemental analysis found for C 10 H 26 Cl 4 N 4 Pt 2 (%) : C 16.2, H 3.5, N 7.6, Cl 19.1; calculated: C 16.4, H 3.6, N 7.5, Cl 19 .3.
Quantum mechanical calculations
Quantum mechanical calculations were performed for Pt 2 (Spm)Cl 4 on GAUSSIAN (Frisch et al., 2004) -both for geometry optimization and calculation of the harmonic vibrational frequencies. The DFT approach was used, at a level that was previously shown by the authors to be the best choice for describing this type of Pt II -amine complex, since it presents the optimal compromise between accuracy and computational demands (Fiuza et al., 2008; Amado et al., 2007) . The mPW1PW method, which comprises a modified version of the exchange term of Perdew-Wang and the Perdew-Wang 91 correlation functional (Adamo & Barone, 1998; Perdew et al., 1996) was applied, along with the splitvalence basis set 6-31G* (Harihara & Pople, 1973) , which was used for all atoms except the metal. Pt II was represented by the relativistic Effective Core Potentials of Hay & Wadt (1985) (GAUSSIAN keyword LANL2DZ), n = 5 and n = 6 being considered as valence electron shells. Molecular geometries were fully optimized by the Berny algorithm, using redundant internal coordinates (Peng et al., 1996) , viz. bond lengths to within ca 0.1 pm and the bond angles to within ca 0.1 . The final r.m.s. gradients were always less than 3 Â 10 À4 Hartree Bohr À1 or Hartree radian À1 . No geometrical constraints were imposed on the molecule. The harmonic vibrational wavenumbers, as well as the Raman activities and IR intensities, were obtained at the same level of theory as the geometry optimization procedure.
Simulation of the INS spectra (both the theoretical transition intensities and the wavenumbers) was carried out with the dedicated aCLIMAX program (Ramirez-Cuesta, 2004).
Vibrational spectroscopy
The FT-IR spectra were recorded using a Bruker Optics Vertex 70 spectrometer, purged with CO 2 -free dry air.
The mid-IR absorbance spectrum (400-4000 cm À1 ) of the solid complex was recorded from KBr disks (ca 0.5% w/w) using a Ge-on-KBr substrate beamsplitter and a liquid-nitrogen-cooled wide-band Mercury Cadmium Telluride (MCT) detector.
The Far-IR Attenuated Total Reflection spectrum (FIR-ATR, 50-600 cm À1 ) was measured using pure powder on the Bruker Platinum ATR single-reflection diamond accessory, using a silicon solid-state beamsplitter and a Deuterated l-alanine-doped TriGlycine Sulfate (DLaTGS) detector with a polyethylene window. The spectrum was corrected for the frequency dependence of the penetration depth of the electric field in ATR, using the standard Opus software option.
In both cases, spectra were the sum of 64 scans, at 2 cm À1 resolution, and the 3-term Blackman-Harris apodization function was applied. Under these conditions, the accuracy in wavenumbers was well below 1 cm À1 .
The Raman spectra were acquired at room temperature using a Bruker RFS-100 FT-Raman spectrometer, equipped with an InGaAs detector, with near-IR excitation (in order to overcome fluorescence) provided by the 1064 nm line of an Nd:YAG laser (Coherent, model Compass-1064/500N), yielding ca 150 mW at the sample position. A 180 geometry was employed, and each spectrum was the average of three repeated measurements of 50 scans each, the resolution being set at 2 cm À1 .
The INS spectrum of the complex was obtained in the TOSCA spectrometer ( 
Muon Source of the STFC Rutherford Appleton Laboratory (United Kingdom). This is an indirect geometry time-of-flight high-resolution [(ÁE/E) ca 1.25%] broad-range spectrometer. A crystalline sample of the synthesized complex (ca 1 g) was wrapped in an aluminium foil sachet and placed in a 0.2 cm thick (4 Â 4 cm) flat aluminium can. To reduce the impact of the Debye-Waller factor [the exponential term in equation (1)] on the observed spectral intensity, the sample was cooled to cryogenic temperatures (ca 10 K). Table 1 comprises the LANL2DZ/6-31G*-optimized geometry for the solid-state conformation of Pt 2 Spm (Fig. 1a) , as well as the X-ray crystal structure parameters determined by Odoko & Okabe (2006) (CSD refcode UCOBEU). The differences between the experimental and calculated values (Á values), and the corresponding overall error (ÁÁ value), calculated as described previously for cisplatin (Amado et al., 2007) , are also shown. Generally speaking, the DFT structural parameters currently obtained are in good agreement with the experimental ones; the overall mean percent difference was determined as 2.1%. However, when only the bond lengths and angles are considered, this value becomes 0.9%, which constitutes a significant improvement relative to the values previously obtained for the homologous chelate with palladium, with several basis sets (Fiuza et al., 2015) . The presently calculated distance between the two metal centres within the Pt 2 Spm chelate is 817 pm, in rather good agreement with the experimental value (789 pm). Nevertheless, the minimum-energy conformer obtained for Pt 2 Spm (Fig. 1b) , displaying a PtÁ Á ÁPt distance of 430 pm differs significantly from the reported X-ray value (789 pm; Fig. 1a ). This allows us to conclude that despite the very high energy difference between these two conformations, i.e. 41.2 kJ mol À1 , the intermolecular interactions between neighbouring molecules in the crystal lattice play a decisive role on the solid-state conformational preferences of the chelate, the larger metal-to-metal distance being favoured in the condensed state. Moreover, the two calculated PtÁ Á ÁPt values (817 and 430 pm) correspond to the longest and shortest possible distances between the metal centres in the A u CH 2 (chain) 604/566 595 A u N 2 C 3 C 2 614/592 593 587 
Results and discussion
Notes: (a) scaled according to: 0.9499 for the bands above 700 cm À1 (Merrick et al., 2007) , 0.920 for (NH 2 ), 0.933 for (NH 2 ) and 0.986 for !(NH 2 ) and (NH 2 ) (Batista de Carvalho et al., 2012). (b) = stretching, / = in-plane deformation, = rocking, t = twisting and / 0 = in-phase and out-of-phase out-of-plane deformation; s, as, and a refer to symmetric, antisymmetric and asymmetric modes, respectively; FR = Fermi resonance. The atom numbering is according to Fig. 1. molecule. Therefore, several stable conformations can be found between these limits, each of them with a different metal-metal distance (corresponding to distinct conformations of the diamine bridge ligand) ( Fig. 1) .
Considering that (i) >75% hydrated DNA (B-DNA native conformation) is the main target of this kind of metal-based anticancer agents, (ii) the distance between two neighbouring bases that are perpendicular to the B-DNA main axis is ca 340 pm (base packing arrangement) and (iii) the average B-DNA double helix minor and major groove widths are 600 and 1160 pm, respectively, one can conclude that the possible conformers of the dinuclear platinum(II) chelate under study span the needed range of distances in order to establish either inter-or intrastrand crosslinks through DNA bases (preferably at the N7 atom of purines) (Lopes et al., 2012 (Lopes et al., , 2013 Yue et al., 2013) .
The solid-state geometry of Pt 2 Spm (Fig. 1 ) corresponds to C i symmetry, giving rise to 132 vibrational modes -66 Raman active (with A g symmetry) and 66 IR active (with A u symmetry). While all the modes are IR or Raman allowed, this does not mean that all the modes are observable, as an allowed mode may have near zero intensity. INS provides additional information, particularly in the low-energy region of Pt 2 Spm.
The FT-IR, Raman and INS vibrational spectra measured for this compound are shown in Figs. 2 and 3 , allowing access to all the vibrational modes of the molecule and a thorough assignment of its vibrational profile. Special attention was paid to the features that evidenced noteworthy changes upon complexation; the characteristic Cl-Pt-Cl and N-Pt-N deformation and stretching bands, in particular, allowed the metal coordination to be probed (Fig. 2) . In fact, when comparing the spectrum of the free ligand (Spm; Marques, Batista de Carvalho et al., 2002; Amorin da Costa et al., 2003; Batista de Carvalho et al., 2006) to the vibrational pattern for its dinuclear Pt II complex, this complexation is clear, the bands from the amine moieties being the most affected. Table 2 collects the experimental and calculated vibrational wavenumbers obtained for Pt 2 Spm. When comparing with the smaller model complex PtDap, the N-Pt-N deformation is observed at 244 cm À1 for the Spm complex and at ca 246 cm À1 for PtDap . Regarding the Pt-Cl stretching mode, it occurs in the Raman at 327 cm À1 for Pt 2 Spm and at 323 cm À1 for cisplatin (for which it is also detected by INS at $330 cm À1 ; Batista de Carvalho et al., 2011). The Pt-N stretching at 531 (Raman) and 526 cm À1 (INS) was also identified for cisplatin (at 524/521 cm À1 ) and PtDap (at 532/535 cm À1 ) (Batista de . This band also has contributions from skeletal deformations (Table 2) , being slightly blue shifted relative to the free ligand. In the complex, these modes are degenerate.
The CH 2 stretching modes of the intramolecular ring moiety within the Pt 2 Spm chelate (Fig. 1) , at 2885 and 2941 cm À1 in the Raman spectrum, were blue shifted relative to free spermine (Amorin da Costa et al., 2003) , which is a clear proof of metal coordination. A similar behaviour had been observed previously for PtDap (Batista de Carvalho et al., 2012) .
The INS spectrum of the Pt II -spermine chelate allowed an unequivocal identification of both CH 2 and NH 2 rocking modes (not clearly detected by the optical techniques), as well as of the torsion bands from the intramolecular ring structures formed upon complexation (Fig. 1 ). These have also been observed in PtDap, which also contains this moiety.
Previous conformational studies on biogenic polyamines carried out by the authors (Marques, Batista de Carvalho et al., 2002; Batista de Carvalho et al., 2006) demonstrated that INS is particularly suited for detecting low-frequency vibrational modes in these highly hydrogenated molecules, namely their characteristic transverse and longitudinal acoustic modes (TAMs and LAMs, respectively). In the Pt 2 Spm chelate, however, since the two metal centres are bridged by the tetraamine ligand (Fig. 1) , the low-frequency vibrations of the chain are not real TAM and LAM modes, as the polyamine is anchored by coordination to the two Pt II ions and therefore loses flexibility.
Interestingly enough, the Raman data reported here allowed the discrimination of the distinct Pt-N stretching frequencies due to the different environments in the Pt-N 2 and Pt-N 1 moieties within the chelate (Fig. 1) . Actually, these modes are nondegenerate, yielding more than the two bands assigned to the symmetric and antisymmetric stretching modes, which would be the only ones detected if the two metal-nitrogen bonds at each metal centre were symmetryequivalent.
Conclusions
Overall, the analysis reported here for the dinuclear Pt II complex, with a biogenic polyamine, which has been shown by the authors to act as a promising anticancer agent towards human metastatic breast cancer, allows the determination of its main conformational preferences. These are confirmed by the very good agreement between the experimental vibrational data and the calculated spectra for the conformer present in the solid.
Overall, the results presently attained clearly evidence that the drug-DNA adducts responsible for cytotoxicity strongly depend on the conformation of the metal complex, particularly on the metal-to-metal distance. Indeed, this structural parameter determines the effectiveness of the drug interaction with its target, and the consequent damage caused in the native structure of the nucleic acid. Moreover, the flexibility of the bridging amine linkers within the Pt 2 Spm chelate constitute an advantage for an effective interaction with DNA, both prompting a pre-association mechanism with the double helix and favouring a suitable adjustment between drug and target aiming at a maximum number of stable Pt-N7 bases covalent bonds.
For Pt 2 Spm, the calculated PtÁ Á ÁPt distances span a suitable range of values for establishing effective inter-and intrastrand crosslinks with DNA.
The full conformational characterization of these types of Pt II -polyamine complexes will help to clarify their pharmacodynamics (interaction with their main pharmacological research papers target, DNA), as well as their mechanism of action within a biological matrix (e.g. a cell, a tissue or even a living organism). This will hopefully expose the molecular basis of their cytotoxicity, thus contributing for a tailored design of new and more efficient cisplatin-like anticancer drugs.
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